The effects of protein quality improvement of white bread fed to female rats during pregnancy and lactation, under varying degrees of adequacy in food energy, on growth and brain development or the offspring have been studied. Weaning weight and the weight, protein and DNA of whole brain and major regions of the brain at weaning were de termined. Lysine addition significantly increased all parameters, and threonine addition gave additional significant increments. Restricting energy intake decreased most parameters independent of protein quality. Brain cellularity was significantly higher in offspring of dams fed lysine and threonine fortified bread than in offspring of dams fed casein. All param eters measured in the offspring of dams fed lysine and threonine fortified bread at 70% ad libitum consumption were significantly increased over the values obtained in the offspring of dams fed unfortified bread ad libitum even though they had consumed 13% less protein and dietary energy during the pregnancy and lactation period. The implications of these findings for practical problems in human nutrition are considered.
utilizable protein in the diet will increase the efficiency of protein utilization even when the need for dietary energy has not been completely met. Specifically in regard to amino acid fortification, it was demon strated that the addition of lysine, or lysine and threonine to white bread fed to wean ling rats significantly improved growth and the efficiency of nitrogen utilization even under conditions of inadequacy in the sup ply of dietary energy (4) . In the present work, these observations have been ex tended and the value of amino acid fortifi cation of bread fed to rats through preg nancy and lactation demonstrated in terms of growth of the offspring, including growth and cellular development of the brain, even when dietary energy was con sumed at a level below ad libitum intake.
METHODS
Animais. The methods used were, in general, those described previously (5, 6) . Virgin female rats -weighing approximately 175 to 200 g were caged in groups of three in an air-conditioned room with a tempera ture of 23Â°(range 21Â°to 25Â°) and rela tive humidity of 50% (range 30% to 70%). Until breeding, the rats were fed a stock diet. 3 When the females reached a body weight of 210 to 240 g a male of similar strain was placed with each group of fe males, and the females examined each morning for a vaginal breeding plug. Upon confirmation of breeding, the female was weighed, placed in an individual cage, and started on one of the 15 dietary treatments listed in table 2. Dams and pups were weighed following delivery and the eight heaviest offspring returned to the dam for nursing. Offspring and dam were again weighed on the 22nd postpartum day and the offspring killed by decapitation. Rats were bred until, with one exception, at least four dams on each treatment had produced adequate offspring and nursed eight pups to age 22 days. Dams fed unfortified bread at 70% of ad libitum intake were unsuc cessful at raising any pups and this treat ment group was abandoned. With this ex ception, all other treatment groups con sisted of four or five dams, as listed in table 2, and all litters consisted of eight pups.
Diets. The experimental design was to feed unfortified and amino acid fortified white bread and casein diets at 100%, 85% and 70% of ad libitum intake. The compo sition of the diets is given in table 1. The basal bread diet contained 90% air dried white bread, the highest level that could be fed and still enable a vitamin mixture, salt mixture, and corn oil to be added to the diet. The bread averaged 2.3% N, dry weight, as determined by the microKjeldahl method (7) and the basal bread diets (groups 1 to 3) contained 2.1% N. The lysine, or lysine and threonine diets were made isonitrogenous with the basal bread diet by slightly reducing the amount of by on November 11, 2009 jn.nutrition.org Downloaded from bread and adding cornstarch. The casein was analyzed for nitrogen as above, and the casein diet made isonitrogenous with the bread diets.
Food consumption was measured daily for all ad libitum fed rats and averaged for each diet. The restricted fed rats were fed approximately 85% or 10% of the ad libitum value for each particular diet each day for the duration of pregnancy and lac tation.
Analytical Methods. At autopsy, fresh brains were immediately removed from the cranium, dissected free of meninges, weighed, and the cerebellum and brain stem separated from the cerebrum and weighed, individually. DNA was deter mined by the method of Zamenhof et al. (8) and protein was determined on the perchloric acid precipitated pellets by the method of Lowry et al. (9) as modified by Chase et al. (10) . DNA and protein analyses were done on each of the three brain areas with the total brain values representing the sum of the three determi nations. Statistical comparisons were made using Duncans Multiple F test (11) and all results are expressed as means Â±SE. In the tables, the least significant differences (LSD) for each parameter are indicated for two levels of significance.
RESULTS
Lysine fortification level. Two levels of lysine fortification were studied. In no parameter did 0.5% L-lysine monohydrocriloride increase the response over that obtained with 0.3% L-lysine monohydrochloride unless threonine was also added. These results are consistent with results obtained in growth trials with weanling rats ( 12 ) . The higher level of lysine addi tion alone was used in this study to exclude the possibility that any responses in the lysine and threonine group could be due to the higher level of lysine rather than the threonine. This possibility is excluded by the data and the results obtained with the higher level of lysine added alone will not be further described in this paper.
Maternal weight. Changes in maternal weight are shown in table 2. Differences as a function of protein quality and level of food intake were small. Maternal weight loss during pregnancy was significantly less in lysine, and lysine and threonine ad libitum fed groups than in the unfortified bread group. Weight changes during lac tation were not affected by protein quality when the diets were fed ad libitum. Food restriction during pregnancy or lactation caused very slight losses in body weight that did not vary significantly as a func tion of protein quality.
Maternal food consumption. Ad libitum food consumption during pregnancy was significantly increased by lysine, or lysine and threonine addition. The increases in food consumption during lactation associ ated with amino acid fortification were significant, and were slightly greater than the increases during pregnancy but still were not large. During the entire gesta tion and lactation period, dams fed lysine and threonine fortified bread consumed 20% more food than dams fed unfortified bread. The effect of protein quality on food consumption was, as expected, much less than that observed during postweaning growth (4) .
Pup weights. The number of pups per litter, birth weights, and total litter weights for all dietary treatments are shown in table 3. In ad libitum fed dams, protein quality did not significantly affect the number of pups per litter or total litter weight. Birth weights were significantly higher in the offspring of dams red lysine and threonine fortified bread ad libitum as compared to unfortified bread. Birth weights of pups from dams fed casein ad libitum were significantly greater than those of pups from dams fed bread, or bread plus lysine, but not bread plus ly sine plus threonine. Food restriction re duced the number of pups per litter, birth weights, and total litter weights for all diet groups with no differences discernible as a function of protein quality. The size of the reductions appeared to be inde pendent of the degree of food restriction, suggesting that the phenomenon may have been in part a result of the pair feeding procedure per se rather than being solely related to the extent to which food intake was reduced. This is speculation, however, and the reason for the observation that the reductions in these parameters were ap proximately as large in 85% as 70% ad libitum fed dams is not understood.
-If.131i.0es ' *T ' i ' 'â€¢* iâ€" 1 (â€"O C5 â€" 00 t* C5 >-H^^G3 CS G3Si
-* t^co es'te iâ€" -H i-oo' co t>-' Ã ¶co'oo' cocs co co cs co co cs co co cs -*cocsWIN
O CO O5OOIOes es es es â€" i es es es es es es cscscsCO1* COCSIOTÃOECSCOCO tO CO CO^iO&
-H-H -H-H-H-H-H-H-H -H -tÃ--tÃ--tÃ--HTfio
o cn tâ€" io co t-IN â€" cs coooto â€" i â€" H cs-Â«oesâ€" iocs cs â€" cs â€"-H cscs es es es es es es es es es CSCSINwlOiO COCOIO As shown in table 4, weaning weights progressively increased as the protein quality of the bread was increased through amino acid fortification. Weaning weights in offspring of dams fed lysine and threonine fortified bread were not significantly different from those found for casein. Ma ternal food restriction reduced weaning weights significantly for all diet groups. However, the beneficial effects of protein quality improvement were clearly apparent, even under conditions of maternal dietary energy inadequacy. For example, offspring of dams fed lysine and threonine fortified bread at 70% of ad libitum intake weighed 28.8 Â±0.3 g at weaning ( group 12 ) com pared to only 16.8 Â±0.4 g in the offspring of dams fed bread ad libitum ( group 1 ) in spite of the fact that the former dams con sumed 13% less food from conception to weaning than did the latter.
Brain weights. Offspring whole brain, cerebrum, cerebellum, and brain stem weights at weaning for all dietary treat ments are listed in table 4. Whole brain weight and the weight of all major regions of the brain were progressively increased by lysine and then lysine plus threonine addition to the bread when fed ad libitum. The only exception was that lysine addi tion alone did not significantly increase brain stem weight. In all cases, weights for the offspring of dams fed lysine and threonine fortified bread were comparable to the values obtained with casein. Food restriction during pregnancy and lactation significantly reduced whole brain weight and cerebrum weight of the pups in all diet groups. Brain stem and cerebellum weights were significantly reduced by food restric tion in the offspring of dams fed bread, bread plus lysine plus threonine, or casein. Surprisingly, these weights were not af fected significantly by food restriction in the offspring of dams fed bread fortified with either level of lysine alone. As was the case for weaning weight, the bene ficial effects of protein quality improvement on brain weight were apparent even when food intake was reduced. The brain weight in offspring of dams fed lysine and threo nine fortified bread at 70% of ad libitum intake (group 12) was 1. table 5 . With one exception, total brain protein and the amounts of total pro tein in all major regions of the brain were all progressively increased by the addition of lysine and then lysine and threonine to the bread fed to the dams. The one excep tion was that brain stem protein was not increased by lysine and threonine over that found for lysine alone. Brain protein levels in the lysine and threonine group in all cases were fully comparable to values ob tained in the casein group. Maternal food restriction significantly reduced brain pro tein levels in all brain regions and in whole brain for all diets.
Brain DNA. Values for total brain DNA and the amount of DNA found in the vari ous regions of the brain are listed in table 6 for the offspring at weaning of dams in all dietary treatments. In all cases, addition of lysine alone resulted in significant in creases in DNA over values obtained with the unfortified bread. Addition of threo nine with the lysine gave additional sig nificant increases in DNA in all major regions of the brain and in whole brain. Whole brain DNA values in the lysine and threonine group were significantly higher than the values observed for the casein group. Food restriction during pregnancy and lactation significantly reduced DNA in the whole brain and all regions of the brain in the offspring of dams fed all diets except bread. The maximum maternal food restriction possible in the unfortified bread group, 15%, did not reduce cere brum DNA and caused only slight, al though significant, reductions in cerebellum and brain stem DNA.
Amino acid fortification at reduced energy intake. A major objective of the present study was to examine the effects on the offspring of amino acid fortification of bread fed to female rats at food intake levels less than energy need during preg nancy and lactation. Dams fed the lysine and threonine fortified bread diet at 70% Â±0.12 1LSD, P < 0.05; 2.22 for closest, 2.70 for most distant means. P < 0.01 ; 2.91 for closest, 3.45 for most distant means. *LSD, P < 0.05; 1.86 for closest, 2.26 for most distant means. P < 0.01 ; 2.44 for closest, 2.89 for most distant means. 3LSD, P < 0.05 ; 0.30 for closest, 0.37 for most distant means. P < 0.01 ; 0.40 for closest, 0.47 for most distant means. 4LSD, P < 0.05 ; 0.64 for closest, 0.78 for most distant means. P < 0.01 ; 0.84 for closest, 0.99 for most distant means. 6Amino acid percentages based on dry weight of the bread. Â« No offspring survived.
' Mean Â± SE.
by on November 11, 2009 jn.nutrition.org Downloaded from of ad libitum consumption (group 12) consumed 13% less food from conception until weaning than did dams fed the basal bread diet ad libitum (group 1). This re duction in food intake was significant during both pregnancy and lactation. In the rat, most of the cellular development of the brain takes place during lactation ( 13) . In spite of this reduced level of food intake, the increases in weaning weight and all brain parameters in the lysine and threonine group were significant. It is notable that protein quality improvement was able to cause these increases at a time when there was a 13% decrease in both protein and energy intake. Dams fed lysine fortified bread at 70% of ad libitum con sumption (group 6) consumed 15% less food than did dams fed the basal bread diet ad libitum (group 1). The increases in the offspring of these lysine fed dams in weaning weight, cerebellum weight, brain stem weight, cerebellum protein, brain stem protein, whole brain DNA, cerebel lum DNA and brain stem DNA were all significant as compared to the offspring of dams fed bread ad libitum. Increases in cerebrum and whole brain parameters with the exception of whole brain DNA, were not significant, however. The lesser degree of quality improvement resulting from lysine addition was apparently not sufficient to overcome the effects on whole brain and cerebrum of a 15% reduction in both protein and energy intake. DISCUSSION The improvement in growth and brain development in offspring of dams fed amino acid fortified bread throughout the pregnancy and lactation period was re ported previously (5, 6) . In this previous study bread, bread plus lysine, and bread plus lysine and threonine were compared with isonitrogenous casein (13% in diet), 26% casein and stock diet. Values ob tained for the lysine and threonine groups were generally comparable or superior to the values obtained with the 13% casein or stock diets although generally less than the values obtained with 26% casein. In the present study, comparison was made only with the isonitrogenous casein control. The results obtained are similar to those reported previously ( 5, 6 ) and confirm that addition of lysine, or lysine and threonine by on November 11, 2009 jn.nutrition.org Downloaded from to bread fed to rats during pregnancy and lactation significantly increases growth and brain development of the offspring at the time of weaning. These results are con sistent with the earlier work of Culik and Rosenberg (14) who reported that lysine fortification of white bread fed to rats for seven generations improved reproductive and lactation performance including an increase in birth weights and weaning weights of the offspring. The present and previously reported work (5, 6) demon strates that in spite of its relatively low protein level, white bread fortified with lysine and threonine is an adequate pro tein source for rats during pregnancy and lactation.
As reported previously (5) the diets used in these studies contained 18 to 33 mg zinc/kg diet, amounts above the re quirement (15) but with little margin of safety. The weaning weights of 39.1 g with a casein level of only 13% would strongly suggest that the diet was adequate in zinc and other micronutrients.
Birth weights of pups whose dams were fed unfortified bread were significantly less than those of pups whose dams had been fed lysine and threonine fortified bread or casein, but were not less than the pups born of dams fed lysine fortified bread. The effects of feeding a diet even completely devoid of lysine during preg nancy in the rat are not clear; Niiyama et al. (16) reported no effect on litter size or birth weight, but Zamenhof et al. (17) observed significantly reduced birth weights. The adverse effects on birth weight of feeding unfortified bread would be expected to be considerably less than feeding a diet completely devoid of lysine. It is of interest that dams fed unfortified white bread at 70% of ad libitum intake were not able to deliver and raise viable young, in contrast to the results with lysine fortified bread at only a slightly higher level of food intake.
Results in this paper demonstrate clearly that amino acid fortification of bread im proved growth and brain development in the offspring of dams fed diets through pregnancy and lactation in which the bread was the sole protein source, even when total protein and energy intake were 13% to 15% less than the amounts consumed by dams fed unfortified bread. These re sults are consistent with results obtained with postweaning rats in which growth and nitrogen utilization were significantly im proved by amino acid fortification of bread fed substantially below the energy need (4 ). These improvements, which have been demonstrated to occur both during preg nancy and lactation, and in the postwean ing period suggest that protein quality improvement of cereals is of definite value even if food intake is marginally deficient. This conclusion would appear to have relevance for quality improvement through plant breeding programs and possibly other protein improvement programs as well as for quality improvement through amino acid fortification.
In interpreting rat growth experiments in terms of their implications in human nu trition, a major factor to consider is that the human infant grows at a slower rate than does the weanling rat. Graham et al. ( 18) demonstrated that, for the human infant, lysine fortified wheat is comparable in protein quality to casein, while for the rat it is necessary to add threonine with the lysine (12) .
In comparing early development in the human with that in the rat, it is important to consider that rat growth occurs more in the post-natal period than is the case for the human ( 13) . However, Dobbing and Sands (19) have recently concluded that cellular development in the human brain continues well into the second year and that the rat may resemble the human infant more closely in postnatal brain develop ment than was initially recognized. The present experiments included both pre natal and postnatal periods and thus, the entire period of cellular development of the brain was included (13) .
In this rat model, threonine addition along with the lysine was of considerable importance and much more so than for growth of the weanling rat. It would ap pear desirable to study further the metaoolism of threonine in the pregnant or lactating rat, especially in relation to brain development of the offspring. It is note worthy that brain cellularity, as deter mined by DNA content, was significantly higher in the offspring of dams fed lysine and threonine fortified bread than dams fed casein ad libitum. No data are presently available dealing with the effects of lysine and threonine fortification of wheat fed to women during pregnancy.
There are two important issues to be re solved concerning the practical value of protein quality improvement of cereals. The first is one considered in this and the previous paper (4); namely, the extent to which the beneficial effects of protein quality improvement are maintained under conditions of marginal inadequacy in the supply of dietary energy. The present re sults demonstrate the value, for the rat, of protein quality improvement under these conditions. It seems likely that such im provement would also be of value for the slower growing infant human even if di etary energy were not completely adequate, but this point remains to be demonstrated. The fact that energy need can be reduced by decreasing the level of bodily activity whereas the protein requirement cannot, would lend support to this suggestion.
Another very important aspect of the practical value of protein quality improve ment, by either fortification or plant breed ing is whether lysine, lysine and threonine, or lysine and tryptophan are limiting the protein value of any significant number of human diets. This question has been dis cussed extensively elsewhere (20) (21) (22) . The issue has not yet been resolved but is under active investigation.
